We used the UAS/GAL4 two component system to induce mRNA interference (mRNAi) during Drosophila development. In the adult eye the expression from white transgenes or the resident white locus is significantly repressed by the induction of UAS-wRNAi using different GAL4 expressing strains. By induced RNAi we demonstrate that the conserved nuclear protein Bx42 is essential for the development of many tissues. Phenotypically the effects of Bx42 RNAi resemble those obtained for certain classes of Notch mutants, pointing to an involvement of Bx42 in the Notch signal transduction pathway. The wing phenotype following overexpression of Suppressor of Hairless is strongly enhanced by simultaneous Bx42 RNAi induction in the same tissue. Target genes of Notch signaling like cut and Enhancer of split m8 were suppressed by induction of Bx42 RNAi. Our results demonstrate that inducible RNAi is a powerful tool to study the role of essential genes throughout development. q
Introduction
Posttranscriptional gene silencing by double-stranded RNA (dsRNA) or RNA interference (RNAi) is a new tool for studying gene function. RNAi was first discovered in Caenorhabditis elegans , where it was most thoroughly studied. More recently, it was successfully applied for the assessment of the functions for more than a third of the worms genes (reviewed by Kim, 2001) . Meanwhile RNAi has emerged as a powerful reverse genetic tool to silence gene expression in many organisms including plants, animals and fungi (see recent reviews by Bernstein and Denli, 2001; Fijose et al., 2001; Hutvagner and Zamore, 2002) . For RNAi only a few molecules of dsRNA per cell are required Kennerdell and Carthew, 1998) and the spreading of silencing in the organism suggests that dsRNA acts catalytically or is amplified (Fire, 1999) . Since RNAi can be obtained in a cell free system (Tuschl et al., 1999) its molecular mechanism starts to become elucidated and genes involved in this process are being identified (Bernstein and Denli, 2001; Fijose et al., 2001; Hutvagner and Zamore, 2002) .
In Drosophila RNAi has been successfully used in cell culture (for example Clemens et al., 2000; Yanagawa et al., 2002; Wojcik and DeMartino, 2002) and following injection of dsRNA into syncytial embryos (for example Kennerdell and Carthew, 1998; Bhat et al., 1999; Yanagawa et al., 2002) . More recently, heat inducible constructs integrated into the Drosophila genome were used to interfere with the expression of nuclear hormone receptors or eggshell proteins (Lam and Thummel, 2000; Kim et al., 2002) . Moreover, combining RNAi with the inducible UAS/GAL4 two component system (Brand and Perrimon, 1993) RNAi can be induced in a stage and tissue specific fashion. In a few cases this was already successfully applied for Drosophila genes (Fortier and Belote, 2000; Kennerdell and Carthew, 2000; Martinek and Young, 2000; Piccin et al., 2001; Giordano et al., 2002; Kalidas and Smith, 2002) . This elegant method allows the reduction of gene functions in a tissue specific manner, which is not feasible with ubiquitous gene interference or loss of function mutations. In addition, the effects of early acting essential genes at late times in development are more easily uncovered than by generating genetic mosaics.
To establish the system in our laboratory we chose the white gene as a sensitive test case for which the expected phenotype was predictable. We then wished to apply RNAi for the conserved Bx42 gene, for which mutations are not yet available. Bx42 had first been isolated from Drosophila (Wieland et al., 1992) as a putative transcription regulator for its colocalization with ecdysone receptor binding sites (Frasch and Saumweber, 1989; Saumweber et al., 1990) . Later it was shown that Bx42 has conserved homologs from plants to humans (Folk et al., 1996; Dahl et al., 1998) . The first human homolog was isolated as Skip, an interactor of the c-ski and the v-ski oncogen (Skip: ski-interacting protein; Dahl et al., 1998) . Later this protein was also designated NCoA-62, a coactivating interactor of the thyroid hormone receptor and the vitamin D receptor (Baudino et al., 1998) .
More recently, Bx42 and Skip were found to interact with components of the Notch signal transduction pathway (Zhou et al., 2000a) . Notch is a transmembrane protein, which on interaction with one of its ligands liberates an intracellular part, Notch-IC (reviewed by Artavanis-Tsakonas et al., 1999) . After its migration into the nucleus Notch-IC can be targeted to specific promoter sites by CBF1 (or its Drosophila homolog Suppressor of Hairless, Su(H)). On Notch-IC interaction CBF1 is converted from a suppressor into an activator.
Presumably this is brought about by changing the interactions of CBF1 with a repressor complex containing Sin3a, SMRT and N-CoR. Exchanging the repressor complex for an activating complex containing Notch-IC and histone acetyltransferase may allow local chromatin modification and concomittant gene activation by histone acetylation (Zhou et al., 2000a; Zhang et al., 2001) . Skip was found to interact with Notch-IC, CBF1, N-CoR and SMRT. However, its interactions with Notch-IC and SMRT are mutually exclusive (Zhou et al., 2000a) . A mutation in the fourth ankyrin repeat of Notch, which abolishes Notch signal transduction also abrogates interaction with Skip. Furthermore, in myoblasts expressing antisense Skip, Notch-IC is unable to block muscle cell differentiation suggesting a role for Skip in this pathway (Zhou et al., 2000a) .
In Drosophila the role of Bx42 in the Notch pathway remains to be shown. Since there are no mutations available for the Bx42 gene we used RNAi as a means to eliminate the (Klein et al., 2000) .
Results

white mRNAi induced in adult eyes
First we wanted to test the efficiency of mRNAi in generating adult phenotypes and measure its effect on gene expression. For this purpose we chose the expression of the white gene in the Drosophila eye as a convenient and sensitive indicator system. The idea was to insert a UAS/GAL4 inducible transgene containing a white gene segment as an inverted repeat separated by a spacer. On transcription the RNA can potentially fold back and form a ds RNA molecule containing a hairpin loop. A 642 bp genomic segment from the white gene containing 360 bp exon sequences was inserted into pUAST (Brand and Perrimon, 1993) in direct and inverted orientation separated by a spacer of 216 bp ( Fig.  1 ; for details on constructing the vector see Section 4). Since this fragment is inserted behind a minimal promoter downstream of the UAS recognition sites, it comes under the control of the inducible GAL4 transactivator protein.
Following germ line transformation into the w 1118 background (Fig. 1 , panel f) two independent transgene strains were established, one with an insertion on the X chromosome. The X chromosomal insertion line wRNAi, homo-or hemizygously expressed a yellow eye color by its resident pUAST miniwhite gene (Fig. 1, panel e) .
To induce mRNAi in the eye we used the ubiquitously expressed T80-GAL4 driver line (Wilder and Perrimon, 1995) and determined the effect of RNAi on the expression of the miniwhite marker present on the transgene. The T80-GAL4/CyO strain expresses a nearly wild type eye color in adult flies (Fig. 1, panels a and b) . wRNAi males were crossed with T80-GAL4/CyO females (Fig. 2, cross A) . The resulting non-CyO males with one copy of the T80-GAL4-element had almost wild type red eyes as expected (Fig. 1, panel b) . Non-CyO females, containing one copy each of the T80-GAL4 element and the wRNAi element, respectively, also would be expected to express a nearly wild type eye color for the presence of the T80-GAL4 element. However, such females had light orange eyes indicating the induction of white mRNAi (Fig. 1, panel c) . Performing the reciprocal cross (Fig. 2, cross B) we obtained consistent results indicating RNAi. Both nonCyO males (Fig. 1, panel d) and females containing the T80-GAL4-and the wRNAi elements, respectively, showed a yellow or light orange eye color, although the T80-GAL4 element should have resulted in red eyes.
To quantify the white gene expression the eye pigments were extracted from 20 fly heads for each genotype and measured photometrically. The results are summarized in Table 1 . RNAi resulted in a .90% reduction of eye pigment production in wRNAi; T80-GAL4/1 males or females compared to the w/Y; T80-GAL4/1 control. With an independent white-RNAi insertion we obtained similar results (data not shown). Combining the wRNAi transgene with eyeless-GAL4 (Hazelett et al., 1998) or tubulin-GAL4 (flybase, Bloomington) driver lines did not result in a stronger reduction of white gene expression (data not shown).
We also measured the effect of mRNAi on the resident white gene (cross C in Fig. 2 ). CyO-females with one copy of the white 1 gene and the wRNAi transgene only had wild type eye color, whereas the sibling white 1 non-CyO females containing both the wRNAi and T80-Gal4 transgenes had orange eyes. These animals expressed 33.7% of normal eye pigments only due to mRNAi (Table 1) . Although the white expression is not completely lost this is a substantial reduction in eye pigment production similar to white hypomorphic alleles (Lindsley and Zimm, 1989) . The effect Fig. 2 . Crossing scheme to obtain wRNAi; note that in crosses A and B white is expressed from the miniwhite gene present on the P-element; genotypes for which RNAi is expected are boxed; details are given in Section 2.
was even more pronounced when the animals were reared at 298C resulting in an increased activity of the GAL4 protein (data not shown).
Bx42 is essential in early Drosophila development
Encouraged by the results from white mRNAi we decided to exploit the method for Bx42 inactivation. Bx42 is a nuclear protein with a suggested essential function in several signal transduction pathways. However, there are no deficiencies available for the X chromosomal region containing the Bx42 gene and attempts to isolate Bx42 alleles by X-ray and EMS mutagenesis so far were unsuccessful (H.S., unpublished observations). Inducible mRNAi should allow to demonstrate if Bx42 is essential and to show in which tissues the Bx42 protein is required. Therefore, we constructed transgenic stocks containing an inducible Bx42-mRNAi transgene. A 1188 bp cDNA fragment starting 287 bp downstream of the start of Bx42 translation was inserted into pUAST in direct and inverted orientation separated by a spacer of 184 bp (Fig. 3a , for details on constructing the vector see Section 4). Using this vector, the expression of Bx42 RNAi comes under the control of the inducible GAL4 protein. Five transgenic strains were established. The transgenic line with an insertion on the X chromosome, Bx42RNAi, is homozygous or hemizygous viable, fertile and does not show any signs of aberrant development. This indicates that the element by itself is developmentally neutral. The second and third chromosomal insertion lines survived in heterozygous condition only.
Crossing males of the X chromosomal line Bx42RNAi to heterozygous T80-GAL4/CyO females ( Fig. 3b ) resulted in males without the Bx42RNAi element and CyO females with one copy of the Bx42RNAi but not containing the T80-GAL4-element. These animals hatched at a normal frequency. However, no non-CyO females containing both elements were obtained from this cross. This indicates that ubiquitous reduction of the Bx42 expression by mRNAi cannot be tolerated. About 25% of the embryos produced by this cross did not hatch as first instar larvae suggesting that an early embryonic lethality is induced by the simultaneous presence of both elements. Non-hatched embryos were fixed and stained with DAPI. Most were found to develop well beyond gastrulation with the majority dying at the extended germ band stage. When cuticle preparations were examined we found that the majority of the nonhatched embryos (.90%) did not develop any detectable cuticle (Fig. 3d) . A small number of these embryos (5%) exhibited a neurogenic phenotype and only dorsal cuticle was produced (Fig. 3e) . The remaining non-hatched embryos showed variable phenotypes like segmentation and head defects (not shown).
By performing the reciprocal cross we obtained consistent results. Only CyO animals developed to the adult stage. As expected, about 50% of the embryos from this cross did not hatch and exhibited the same range of phenotypes described above. Finally crossing homozygous Bx42RNAi females to tub-GAL4/TM3 males (flybase, Bloomington) resulted in 50% embryonic lethality. Only TM3 progeny containing the Bx42RNAi element appeared as adults. We conclude that Bx42 is an essential gene, which is required early in Drosophila development. d a white RNAi in cross A is evident by the reduction of white minigene expression in animals containing the wRNAi and T80-GAL4 transgenes (second row) compared to controls containing the T80-GAL4 transgene only (first row); cross B demonstrates a similar extent of wRNAi for males (first row) and females (second row) containing both elements; as evident in cross C a single wild type copy of the white gene is significantly suppressed by wRNAi if both transgenes are present (second row) compared to genotypes with the wRNAi transgene only (fourth row). For further explanations see text.
b Crosses A, B and C are schematically shown in Fig. 2 . c 100% reference used for crosses A and B. d 100% reference used for cross C.
The Bx42 protein is required in different tissues throughout development
Since our data indicate that the Bx42 gene is essential for early embryo development, genetic analysis of its requirement at later developmental stages in the absence of conditional alleles would be possible by clonal analysis only. Using inducible RNAi we exploited the possibility to switch off Bx42 expression in different tissues and/or stages of development. There is a wide range of transgenic lines available, which express GAL4 in a stage or tissue specific pattern.
Tissue specific Bx42 RNAi was first induced by the Xchromosomal line G6.1-GAL4 (kindly provided by Dr Uwe Hinz, Institute of Developmental Biology, University Cologne), which is strongly and almost exclusively expressed in the secretory lobes of salivary glands throughout embryonic and larval stages. When crossing G6.1-GAL4 /Y males with homozygous X chromosomal Bx42RNAi females the resulting males contain the Bx42RNAi element only. These males had normal salivary glands whose polytene chromosomes stained for the Bx42 protein like wild type (data not shown). In contrast, the sibling females from the same cross developed very tiny secretory lobes only, if any. However, they still had small excretion ducts, which were hard to dissect from the adherent fat body (data not shown). Only about 20% of the expected number of females hatched; however, those who did were fertile. Performing the reciprocal cross or using a different GAL4 strain with expression in gland lobes we obtained the same results. This suggests that Bx42 is required for larval salivary gland development.
Bx42 RNAi was then induced in imaginal discs to study its effects in adults. Crossing Bx42RNAi/Y males with ey-GAL4 females homozygous for this insertion on the second chromosome (Hazelett et al., 1998) resulted in normal fertile males, which had received the ey-GAL4 element only. In contrast the sibling females double heterozygous for both elements were nearly pupal lethal. Female escapers eclosed at a low rate with one or both of their compound eyes split into parts, strongly reduced in size or completely absent (Fig. 4c) . Interestingly, sometimes parts of their eyes or the whole eye were transformed into ectopic antennae. Often such ectopic antennae formed all antennal segments including aristae (Fig. 4d) . This phenotype is similar to the eye to antennal transformation obtained following expression of dominant negative forms of the Notch gene in the eye-antennal disc (Kumar and Moses, 2001 ). Overexpression of the Notch intracellular domain (Notch-IC) in the eye disc on a hypomorphic eyeless background resulted in similar transformations (Kurata et al., 2000) . Therefore our data suggested an involvement of Bx42 in the Notch signal transduction pathway. However, dissecting unhatched animals from their pupal case revealed a range of even more dramatic phenotypes. In some animals, head structures were completely missing and the remaining mouthparts originating from the gnathal segments were somehow fused to the thorax. In other animals, the head with the gnathal segment derivatives was missing altogether (not shown). The reciprocal cross of homozygous ey-GAL4 males to homozygous Bx42RNAi females resulted in the same phenotype although with enhanced lethality. GAL4 is a yeast protein which is less active at 188C. When the same cross was performed at 188C instead of at 258C most animals developed into normal adults whereas at 298C Bx42RNAi was pupal lethal and no animals eclosed. Such animals dissected from their pupal case had not developed any head structures.
Crossing Bx42RNAi/Y males to homozygous patched-GAL4 females at 258C (Speicher et al., 1994) resulted in the loss of both the anterior and posterior scutellar bristles in F1 females (Fig. 5b) . Induction of RNAi at 298C was lethal. At 258C males, which did not receive the Bx42RNAi element, had normal bristles on their scutellum. In the reciprocal cross both males and females showed this loss of scutellar bristles as expected. Interestingly, this phenotype is similar to the effects observed following patched-driven overexpression of Notch extracellular domains missing certain EGF repeats. In addition, the expression of the ankyrin repeats of Notch-IC using ptc-GAL4 also prevents scutellar sense organ development (Brennan et al., 1999) . In the wing the anterior crossvein is missing on Bx42 RNAi by ptc-GAL4 induction (Fig. 6e) . In stronger ptc-GAL4 induced phenotypes the longitudinal vein L3 is partially deleted (not shown). Other phenotypic effects of ptc-GAL4 induced Bx42 mRNAi like duplications of leg segments have been observed as well (Negeri, unpublished).
Bx42 mRNAi enhances the phenotype of Su(H) overexpression in the Drosophila wing
So far the results suggest a contribution of Bx42 to the Notch pathway. The demonstration of genetic interactions would provide strong evidence of the involvement of Bx42 in the Notch signaling pathway. Previous studies showed that Bx42 physically interacts with CBF1, the mammalian homolog of the Drosophila gene Su(H) (Zhou et al., 2000a) . Since the UAS/GAL4 system allows the simultaneous overexpression of Su(H) and reduction of Bx42 by RNAi in the same cells, the study of a genetic interaction between both factors is feasible. An interaction should become evident by the suppression or enhancement of the phenotype observed as a consequence of changing the dose for either of these proteins alone. Overexpression of Su(H) in the wing disc driven by decapentaplegic-GAL4 (dpp-GAL4) resulted in a gap or a distal deletion of longitudinal vein L3 (Fig. 6b) as was already demonstrated by Furriols and Bray (2000) . dpp-GAL4 driven Bx42 RNAi induction at 258C and below has no detectable phenotypic consequences. However, reducing the dose of Bx42 by dpp-GAL4 induction at 298C resulted in deletions of longitudinal vein L3 in the distal wing and the deletion of the anterior crossvein. In addition, the wing field between veins L3 and L4 was diminished and the thickness of the veins was reduced (Fig. 6c) . This phenotype is similar to Notch gain of function mutations (de Celis and GarciaBellido, 1994) suggesting a repressive function for Bx42 on the Notch pathway in wing development. The result of combined overexpression of Su(H) and Bx42 RNAi driven by dpp-GAL4 at 258C is shown in Fig. 6d . The combination of both effects resulted in a wing overgrowth phenotype, which was never observed when either of the transgenes was induced alone. Interestingly, a very similar wing overgrowth phenotype is observed when Su(H) is more strongly overexpressed in the wing using the ptc-GAL4 driver (Furriols and Bray, 2000) . Thus, reduction of the dose of Bx42 enhances the phenotype of Su(H) overexpession. This observation strongly argues for an interaction of both factors in the Notch pathway.
Bx42 RNAi affects Notch target gene expression
To demonstrate a direct role for Bx42 in the Notch pathway we studied the expression of known Notch target genes following induction of Bx42 RNAi. We focused on the developing wing pouch to monitor the expression of the Notch targets wingless (wg), cut (ct) and E(spl)m8. The wild type wg and ct expression is shown in Fig. 7a , b. When Bx42 RNAi was induced by en-GAL4 in the posterior wing disc, ct expression was abolished at the posterior wing margin (Fig. 7d) , whereas wg expression was largely unchanged (Fig. 7c) . Similarly, when Bx42 RNAi was induced with dpp-GAL4, which is expressed in a stripe along the anterior-posterior compartment boundary throughout the wing disc, ct expression was abrogated in the wing margin where the anterior-posterior compartment border crossed (Fig. 7f) . Again the expression of wg at the wing margin was largely normal in the same genetic background (Fig. 7e) , indicating that the loss of cut expression was not caused by cell death. The expression of the E(spl)m8-lacZ reporter is shown in Fig.  7g , i. The wing margin and several clusters of proneural cells, which later will form sensory organ precursor cells are stained. The induction of Bx42 RNAi by ptc-GAL4 represses the E(spl)m8-lacZ reporter expression. This is evident by a gap of staining at the wing margin where the anterior-posterior compartment boundary traverses. In addition E(spl)m8 is suppressed in the proneural cells whose location is marked by the arrows in Fig. 7h , j, since they do not express the lacZ marker. Interestingly, the failure of these cells to express E(spl)m8 is correlated with the adult phenotype. Thus, some of the cells suppressed for E(spl)m8 expression (Fig.  7j, arrow) normally form the anterior and posterior scutellar bristles, which are absent in ptc-GAL4/Bx42 RNAi flies (compare Fig. 5 ). In addition part of the cell cluster affected by Bx42RNAi near the wing margin (Fig. 7h, arrow) normally forms the campaniform sensilla on the anterior crossvein, which is completely absent following Bx42 RNAi by ptc-GAL4 induction (compare Fig. 6e) . We conclude that the Notch target genes cut and E(spl)m8 are suppressed by Bx42 RNAi, and wingless expression is not influenced. This is very similar to the effects observed for these target genes on Su(H) overexpression (Klein et al., 2000) .
Discussion
Inducible RNAi is a powerful tool to study the cell and tissue specific function of genes throughout development. As shown for the white gene, RNAi reduces the expression by 70-90% of the control resulting in a strong hypomorphic phenotype. Ubiquitous Bx42 mRNAi resulted in early embryo lethality demonstrating that Bx42 is an essential gene needed early on. Nonetheless, the role of Bx42 during larval, pupal and adult stages can be investigated by tissue specific induction of RNAi. Reduction of Bx42 function results in extreme but specific patterning defects in a whole range of different tissues. Some of the phenotypic effects can be interpreted by the involvement of Bx42 in the Notch pathway. This suggestion is corroborated by the observed in vivo interaction with Su(H), a well known nuclear effector in this pathway, and by the interference of Bx42 RNAi with the expression of known Notch target genes. However, our data suggest that Bx42 is involved in other pathways as well.
For obtaining RNAi we used UAS/GAL4 inducible constructs containing inverted repeats between 650 and 1200 bp separated by a spacer of 200-300 bp of nonrepeated DNA from the same gene. These constructs can be cloned and are stably maintained in transgenic strains for several generations. Using a hairpin construct with white genomic DNA containing 360 bp of exon sequences only we could phenocopy white mutations in the adult eye. Checking for the eye phenotype we obtained a reproducible and strong response in 100% of the animals tested (Table 1) . More recently, white-RNAi with similar efficiency has been reported by other groups as well (Kalidas and Smith, 2002; Giordano et al., 2002) . The level of suppression is dependent on the relative expression level of the target gene. Although white expression was always suppressed, expression of miniwhite transgenes was more strongly affected (290%) than the expression of the endogenous gene (270%). Our standard breeding temperature was 228C. As was shown for the Bx42RNAi, the outcome of RNAi in the UAS/GAL4 system can be widely influenced by the breeding temperature (Fortier and Belote, 2000; Kumar and Moses, 2001 ). For example, Bx42 RNAi by ey-GAL4 at 188C showed no effects whereas extreme effects were seen at 298C. Although this raises some concerns with respect to reproducibility and expressivity of inducible RNAi, this property may be used like conditional temperature sensitive mutations to study the time during development when a gene function is required (see Kumar and Moses, 2001) .
RNAi provides an inducible and heritable system to study genes for which mutations have not yet been obtained. By general expression of Bx42 RNAi we demonstrate that Bx42 is essential and is required early in the embryo. The observed effects are specific since Bx42 is a single copy gene. No other genes or domains can be found in the Drosophila genome database, which would be sufficiently homologous to result in mRNAi by the Bx42RNAi transgene. The early requirement for Bx42 is uncovered by RNAi although there are considerable amounts of a 1.9 kb maternally derived Bx42 mRNA present early on (Wieland et al., 1992) . In Bx42 loss of function mutations a maternal component is expected to obscure the recognition of an early requirement of Bx42 protein, which in that case would be observed only on its removal by germ line recombination (which in fact is not always possible; see Bhat et al., 1999) . This property of RNAi to simultaneously inhibit maternal and zygotic gene functions already was successfully applied for the disc lost (dlt) gene (Bhat et al., 1999) . On the other hand, Bx42 requirement later in development would be uncovered only by conditional alleles or by tedious clonal analysis. Here, we show that inducible Bx42 RNAi is able to uncover the function of this protein early on, in many tissues and at many stages throughout development.
Phenotypically, the consequences of Bx42RNAi often resemble effects obtained by interference with components of the Notch pathway. Studies of protein interaction in vitro suggest an involvement of Bx42 and its human homolog Skip in the Notch signal transduction. Both Skip and Bx42 were found to interact with Notch-IC, CBF1 and components of the CBF1 corepressor complex like SMRT, N-CoR, CIR, Sin3a and HDAC2 proteins (Zhou et al., 2000a,b; Zhang et al., 2001) . By yeast two hybrid interaction and coimmunoprecipitation we found that Bx42 physically interacts with the Drosophila CBF1-homolog Su(H) and with its antagonist Hairless, for which so far no vertebrate counterpart is known (Negeri, unpublished). In the current study, we present evidence that these interactions are biologically meaningful. Ubiquitous early induction of Bx42 RNAi results in embryos with dorsal cuticle only, a phenotype similar to Notch mutations. Induction of Bx42 RNAi in the eye disc results in an eye to antenna transformation as is observed following overexpression of dominant negative forms of Notch in the same tissue (Kumar and Moses, 2001) . Both effects could be interpreted that Bx42 normally functions as a coactivator of the Notch pathway. However, Kurata et al. (2000) demonstrated that overexpression of Notch-IC in the eye-antennal discs results in the formation of ectopic antennae too, but only if the eyeless function is reduced by a hypomorphic mutation. eyeless is one of the master regulators for eye development and functions in a cross-regulatory circuitry together with six other master regulatory genes. One of them is dachshund, whose human homolog Ski is a known interactor for the Bx42 human homolog Skip (Dahl et al., 1998) . Thus, the observed eye antennal transformation by Bx42 RNAi could also be interpreted as a downregulation of eye master regulatory genes via diminished dachshund activity and a simultaneous derepression of the Notch pathway. Negative interference of Bx42 with Notch signaling is consistent with the results of ptc-GAL4 driven induction of Bx42 RNAi. A similar loss of scutellar bristles is observed on ptc-GAL4-driven overexpression of the Notch-ankyrin repeats, a part of Notch-IC involved in active signal transduction (Brennan et al., 1999) . However, this is not fully understood, since overexpression of Notch extracellular domains missing certain EGF repeats results in a similar antineurogenic phenotype. Moreover, Notch mutant clones result in a loss of bristles as well. A negative role of Bx42 in Notch signaling is suggested by the wing phenotype of dpp-GAL4/Bx42RNAi. Following reduction of Bx42 the veins are thinner or missing consistent with a Notch gain of function (de Celis and Garcia-Bellido, 1994) . Ectopic expression of Su(H) prevents sensory organ development in a similar manner to activated Notch (Schweisguth and Posakony, 1994) . This may reflect an excess of lateral inhibition or it may be due to interference with the establishment of the correct fates in the progeny of the sensory organ precursor cells. The failure of sensory organ formation in the scutellum and the wing following local Bx42 RNAi may be related to a gain of Su(H) function. The enhancement of the Su(H) overexpression phenotype by Bx42 RNAi and the similar effects of Bx42 RNAi and Su(H) overexpression on Notch target genes (see below) strongly support this argument and suggest a functional relationship between both proteins.
Although our data suggest a negative role we do not believe that Bx42 protein acts as a repressor within the Notch pathway. Earlier work, which suggested an activation function for Su(H) was at odds with data demonstrating a repressive role for its mammalian homolog CBF1. More recent work provides evidence for Su(H) acting as a switch between repression and activation of Notch target genes (Bray and Furriols, 2001) . We propose that Bx42 contributes to the switch provided by the Su(H) protein. How this is accomplished can only be speculated at the moment. By its direct interaction with Su(H) (Negeri, unpublished) Bx42 may stabilize a switching complex. By its direct interaction (Negeri, unpublished) Bx42 could recruit Hairless into the complex contributing to its repressive function. Modification or removal of Bx42 protein (as by RNAi) would result in a destabilization of this repressive complex allowing to switch to the active state. Similarly, due to squelching by a large excess of overexpressed Su(H), only a reduced amount of Bx42 protein would be available to stabilize the repression complex. It is important to emphasize that Bx42 is able to physically interact with Notch-IC (Zhou et al., 2000a) Besides its involvement in Notch signaling the observed phenotypic effects of Bx42 RNAi suggest that the Bx42 protein is involved in other signaling pathways as well. Data from its vertebrate homolog, which indicate that Bx42 takes part in nuclear receptor pathways, are supported by our observations on chromosomal binding to sites occupied by the ecdysone receptor complex. A possible interaction with Dachshund, one of the master regulators in eye development, which is widely expressed in the nervous system (Kumar and Moses, 2001) , has already been mentioned. It remains to be established how Bx42 is involved in these other pathways.
Experimental procedures
Drosophila stocks and breeding conditions
Fly strains were reared at a regular day and night cycle at 228C on standard Drosophila cornmeal medium with the addition of dry yeast, soy bean meal and molasses. Unless indicated all strains were obtained from the Drosophila stock center in Bloomington. The w 1118 mutation was used as the genetic background for obtaining transgenic lines, Oregon-R wild type strain was used as reference. The E(spl)m8 lacZ line is described in Lecourtois and Schweisguth (1995) . Ectopic expression was achieved using the GAL4/UAS system of Brand and Perrimon (1993) . The expression of the UAS-RNAi constructs was driven by one of the following GAL4 lines: decapentaplegic-GAL4 (dpp-GAL4; flybase, Bloomington), eyeless-GAL4 (ey-GAL4; Hazelett et al., 1998) , engrailed-GAL4 (en-GAL4; flybase, Bloomington), patched-GAL4 (ptc-GAL4; Speicher et al., 1994) , tubulin-GAL4 (tub-GAL4; flybase, Bloomington) or T80-GAL4 (Wilder and Perrimon, 1995) . All GAL4/ UAS crosses were grown at 258C unless specified in the text.
RNAi constructs
To construct the white RNAi element wRNAi, the 830 bp SmaI/EcoRV fragment of the white gene from pW8 (Roman et al., 1987) was cloned into the EcoRV site of the pBS Bluescript vector by blunt end ligation of its 5 0 end. The resulting vector pBSw-53 was used for the insertion of a partially overlapping 859 bp SalI fragment from pW8. With respect to the white sequence, this fragment was inserted in inverted orientation into the XhoI site, 28 bp downstream of the EcoRV site. The resulting vector pBSw-53/35 contains an inverse repeat of 642 bp white genomic sequences separated by 218 bp of non-repeated spacer sequence (Fig. 1) . The repeated sequence corresponds to the 3 0 part of the fourth exon (179 bp) up to the 5 0 part of the sixth exon (49 bp) of the white genomic sequence containing 360 bp exon sequences. A NotI/KpnI fragment from pBSw53/35 was inserted into the pUAST P-element transformation vector cut with the same restriction enzymes, resulting in pUASTwRNAi.
To construct the Bx42 RNAi element the 1188 bp fragment with artificial EcoRI restriction sites at both ends was amplified by PCR from the Bx42.10 cDNA (Wieland et al., 1992) (Fig. 3) . A KpnI/XbaI fragment from pBSBx42-53/35 was inserted into the pUAST P-element transformation vector cut with the same restriction enzymes resulting in pUASTBx42RNAi.
Establishment of transgenic lines
UAS transgenic lines for both constructs were obtained following injection of the RNAi containing vectors and helper plasmid into w 1118 embryos as described (Eggert et al., 1998) . Selection of transgenic flies and establishment of balanced stocks was according to standard methods. The X chromosomal integration of the white RNAi construct P(w 1 ;mw.hs ¼ GawB)wRNAi was designated wRNAi, the X chromosomal insertion of the Bx42RNAi construct P(w 1 ;mw.hs ¼ GawB)Bx42RNAi was called Bx42RNAi.
Eye pigment measurements
For eye pigment measurements flies of either sex were aged for 5 days. Eye pigments from each 20 fly heads were extracted in the dark for 24 h at 228C with 30% ethanol acidified by HCl to pH 2. After clarification by a brief centrifugation the pigments were measured at 480 nm (Reuter et al., 1982) .
Other methods
For cuticle preparations the embryos were fixed in glycerol/acetic acid and mounted and cleared in Hoyers medium as described by Van der Meer (1977) . Wings were dissected and mounted in a 1:1 mixture of Hoyers medium and lactic acid. Immunostaining of discs was performed according to standard methods. The cut antibody 2B10 developed by G. Rubin and the wingless antibody 4D4 developed by S.M. Cohen were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242, USA. lacZ antibody and labeled secondary antibodies were from Jackson Immunoresearch Laboratories. Embryos and imaginal discs were viewed in a Zeiss Axiophot and images were recorded by a CCD camera (CCD imaging, PCO, type SensiCam). Wings were inspected on a Zeiss SV6 zoom lens dissecting microscope and recorded with a Pro Series high performance CCD camera. For photography of adult heads we used an Olympus zoom lens dissecting microscope and 100 ASA Agfa Color film.
